The region of the large-subunit rRNA encompassing the D7 divergent domain is organized within eukaryotes in a patchwork of short conservative secondary-structure features interspersed with more rapidly evolving sequences. It contains the attachment site of protein L25 (E. coli L23), which binds rRNA in the first stages of ribosome assembly, suggesting a crucial importance of this region in ribosome elaboration and functioning. A better understanding of its roles requires a good knowledge of its mode of structural variation during the course of evolution. With this aim, we sequenced the D7 region for 24 new invertebrate species belonging to annelids, molluscs, arthropods, and eight other deep-branching invertebrate phyla. Their comparison allowed us to propose refinements in previous eukaryotic folding models. A detailed analysis of the pattern of variation at each position both within the D7 region and along the L23/25 sequence by reference to previous heterologous binding experiments gives new insight into the i-RNA-protein contacts. We identified in the D7 region and L23/25, respectively, six and five positions presenting a pattern of variation compatible with experimental results, three of which show coincident variations which support their possible involvement in the rRNA_L23/25 binding.
Introduction
The sequences of mature ribosomal RNA molecules are organized in a mosdic of regions which tremendously differ in their rates of variation. In contrast with small-subunit rRNA, large-subunit r-RNA (LSU rRNA) shows a more complex pattern of sequence variation and a larger increase in size from prokaryotes to higher eukaryotes with dramatic expansions in vertebrates (Clark et al. 1984; Hassouna, Michot, and Bachellerie 1984; Gorski, Gonzales, and Schmickel 1987) . Nevertheless, at the secondary-structure level, a universal core was identified in all the living species which encompasses not only the best conserved sequences but also several nonconserved sequence regions. This universal core is organized in a dozen domains, the folding of which is common to all the species. The detailed knowledge of the secondary-structure interactions arose essentially from phylogenetic comparisons which consist of a systematic search for compensatory substitutions in an alignment of homologous sequences. This approach is the most powerful to reveal biologically relevant structural features (Woese and Pace 1993; Gutell 1996) . The conservative domains (about 2,700 nucleotides) are likely to be involved in basic ribosomal functions through molecular interactions which should remain largely homologous between prokaryotes and eukaryotes. Evidence has now accumulated associating several structural features with several fundamental aspects of the translational mechanisms. As for the rapidly evolving domains, which accommodate almost all variations in size of this molecule and encompass less than 10% of the r-RNA length in procaryotes but up to 50% in mammals, they pose intriguing questions about their organization within the eukaryotic ribosome, their mode of structural variation, and their potential function in the modulation of ribosome biogenesis and/or functioning. Yet, these divergent domains have been only scarcely explored and their secondary-structure folding is far from being definitively elucidated. There are two main reasons for this moderate interest. The first is that the high variability of divergent domains suggests that they could be dispensable and their presence tolerated in today's rRNA only because they do not disrupt the ribosomal function (Gerbi 1985) . The second one is experimental: the elucidation of their mode of structural variation and the identification, if any, of diversified structural constraints needs numerous additional sequences in various taxa.
We have already identified, using the comparative approach in the three divergent domains D2, D3, and D8 (Michot and Bachellerie 1987; Michot, Qu, and Bachellerie, 1990) , in the 3' end of the LSU r-RNA (Bachellerie and Michot 1989) and in an extra domain of alpha proteobacteria (Otten et al. 1996) , subsets of secondary-structure features specific to large phylogenetic groups and preserved within these groups despite extensive sequence variations. These lineage-specific structural constraints suggest that these regions do have functions which must have significantly diversified during evolution of the major groups of organisms. Experimental support was provided by in vivo analysis of Succharomyces cerevisiae and Tetrahymena thermophyla recombinants containing inserted or deleted segments in two divergent domains: A 19-nt insertion in V3 17s of S. cerevisiae prevents the appearance of mature 17s rRNA (Musters et al. 1990) , and a 119-nt sequence inserted in D8 28s of T. thermophylu prevents growth of the transformants (Sweeney and Yao 1989) . Remarkably, the complete deletion of D8 in T. thermophylu can be rescued by its replacement with D8 from other organisms (Sweeney, Chen, and Yao 1994) . This evidence for an essential evolutionarily conserved function for one divergent domain containing group-specific struc-tural constraints suggests that other divergent domains presenting diversified structural constraints may also acquire and conserve essential functions during evolution despite their dramatic potential to change in size and sequence. This finding reinforces the interest of increasing our knowledge of the mode of structural variation of the rRNA divergent domains for a better understanding of their structure-function relationships. This detailed knowledge is also essential to use the potential of divergent domains in the reconstruction of short-range phylogenetic relationships (Qu, Nicoloso, and Bachellerie 1988; Perasso et al. 1989; Rousset, Ptlandakis, and Solignac 199 1; Pelandakis and Solignac 1993) . Moreover, it allows the use of group-specific secondary-structure features as phylogenetic signatures. Using the predictive power of the comparative approach, we focus here on the structural variation of the region encompassing the D7 divergent domain located in the central domain of the LSU x-RNA (domain III), for which we have sequenced 24 new species in 10 deep-branching invertebrate phyla that have been poorly studied, if at all, so far. The phylogenetic range of taxa was chosen to cover the major evolutionary radiations among annelids, molluscs, and arthropods which remain still ambiguous (Philippe, Chenuil, and Adoutte 1994) . The structure-function relationships of this D7 region are of particular interest for two reasons. First, this divergent domain is a complex split expansion segment organized in several variable subdomains (Michot, Hassouna, and Bachellerie 1984; De Lanversin and Jacq 1989) for which precise secondary-structure folding is not definitively established. Second, one of these variable subdomains which contains hidden breaks in insects and in several lower eukaryotes (Gerbi 1996; Gray and Schnare 1996) interrupts universally conserved features involved in the binding of yeast-ribosomal protein L25 (L23 in E. cob). This ribosomal protein, which is one of the few directly binding the LSU r-RNA in the first stages of ribosome assembly, certainly has essential roles in the following steps (Kooi et al. 1994) . In addition, L23 is located within the A-site domain of the peptidyl transferase center on the SOS subunit (Grant et al. 1979 ) and probably in close proximity with the mRNA-binding site at the 3' end of the eubacterial 16s x-RNA (Dabbs 1980) suggesting that the D7 region lies in or around domains of rRNA which are essential for the ribosomal function. To shed more light on the complex mode of structural variation of this region of the rRNA, we revisited and refined the previous secondarystructure model from our 24 new invertebrate sequences. Then, we identified, owing to their pattern of variation both in the rRNA and in the protein, positions which could be involved in the species specificity of the binding between LSU rRNA and L23/25.
Materials and Methods
Biological Sample (Table 1) Bondia viridis is a mediterranean sea species, provided by the oceanological observatory of Banyuls, CNRS, France. Myzostomum sp. and Acanthosentis tiZapiae come from the Atlantic ocean and were provided by Dr. Mattei (Universite de Corte, Corse). The apalacophoran was provided by Dr. Tillier (Museum National d'Histoire Naturelle, Paris), and Notommata copeus was provided by Dr. Pour-riot (Universite Paris VII). All other species used in this work come from the Manche Sea and were provided by the biological station of Roscoff (Universite Paris VI-France). Archiannelids were collected and identified by Claude Jouin (Universite Paris VI).
DNA Extraction, Amplification, and Sequencing DNA was extracted from animal tissues following Kocher et al. (1989) . Five oligonucleotides were used for doubleand single-stranded PCR. c71 (5'-TGGTGGTAGTAGCAAATATT) is located imrnediately downstream of the D7 domain, from positions 2193 to 2212 in the rat sequence according to Chan, Olvera, and Wool (1983) ; c72 (5'-GTGCAGATCTTGGTGGT-AGT) and c7X (5'-GTGCAGATCTTGGTGGTAGTA-GCAAATA) cover, respectively, rat positions 2 183-2202 and 2183-2210; c9 (5'-TACTIAAGAGAGTCA-TAG'IT) and c9S (5'-A(G/A)ATGACGAGGCATGCGG CTACCTI'A) were used for the opposite side and cover, respectively, rat positions 3503-3483 and 3522-3497. Double-stranded PCR amplifications were performed in 100 p,l, with 10 ~1 of 10 X buffer (Promega), 1.5 mM MgC&, 200 FM of each neutralized dNTP 30-100 pmol of each oligonucleotide, 2.5 units of Taq polymerase, and l-5 ~1 of DNA extract. Asymmetric PCRs were done with one tenth of the purified, supposedly primer-free, double-stranded amplified product with 1.5 pmol of the limiting primer and 30 pmol of the other primer.
When readable sequences could not be obtained directly from the PCR-amplified DNA, we cloned the fragment. PCR products were incubated for 45 min with 10 units of polymerase I and 10 units of polynucleotide kinase in 500 mM Tris-HCl (pH 7.5), 100 mM MgC12, 10 mM dithiothreitol, 200 FM of each dNTP and 0.5 mM rATP Then they were ligated to the plasmid vector pUC 18, previously digested by Sma I, and dephosphorylated (Pharmacia). Competent E. coli strain DH5o was transformed (Gibco-BRL) and a quick DNA miniprep procedure was used for sequencing reactions (the T7 sequencing kit of Pharmacia was used for PCR and plasmidic DNA sequencing) with primers c7, ~71, or c7X. Sequences obtained in this work have been assigned the GenBank accession numbers U52978-U53002.
Sequence Analysis
In the first step, sequences obtained for the D7 region were aligned with the corresponding region of a specialized and structured databank containing sequences of the LSU rRNA conserved core of secondary structure for eukaryotic species. This databank integrates a description of the secondary-structure folding (unpublished data). D7 sequences were aligned on the basis of both primary and secondary structure homologies with RNAlign (Corpet and Michot 1994) , which also identifies the precise junctions between conservative and divergent domains. In the second step, the alignment of the region encompassing the D7 divergent domain was revisited in light of the 24 new sequences determined in the present work, essentially by eye, with the help of a multi-alignment editor (E Corpet, personal communication) derived from Multalin (Corpet 1988) , which allows a visual identification of compensatory base changes. Secondary-structure interactions which are preserved within groups of species containing umambiguous sequence homologies were compared between each group and alignment modified to maximize secondary-structure homologies. Secondary structure drawings were produced by RNA-d2 (Perochon-Dorisse et al. 1995) and additional labelings with Designer (Micrografx Corporation).
Secondary-structure consensus and identification of covariating positions were performed with ESSA, a Unix software for analyzing RNA folding (Chetouani et al., personal communication) .
Results and Discussion

Mode of Structural Variation Over the D7 Region
We have determined 24 new sequences for the D7 region within 10 deep-branching phyla of invertebrates (table 1). For eight of these phyla (i.e., all except Platyhelmintha and Arthropoda), our data represent the first sequences of the central domain for the 28s rDNA. The deepest phylum is represented by Dendrocoelum Zucteum (Platyhelmintha), two phyla belong to procoelomates whereas other branches belong to coelomates, more precisely to protostomians, with the exception of Terebratulina caputserpentis (Brachiopoda), for which status is unclear, and Spadella sp. (Chaetognatha), which is considered a deuterostomian. Annelids were thoroughly sampled (eight species from three classes), and all classes of molluscs (except Scaphopoda) were represented. For arthropods, we chose to sequence a myriapod and a chelicerate in addition to a new insect Apis meZZzjkru. This enriched phylogenetic spectrum of invertebrate sequences, which now contains several species in three phyla, Annelida, Mollusca, and Arthropoda, provided us the opportunity to examine the details of the constraints exerted on the primary and secondary structures of this region. In particular, it became possible to address the question of the mode of structural variation in these rapidly variable domains among metazoans.
The sequenced region extends between positions 2190 and 2352 of the r-RNA mouse sequence ( fig. 1 ). Its 5' end lies in the highly conserved single-stranded loop upstream of stem G, which belongs to the universal core of secondary structure. For 16 species sequences extend 3' downstream of the 6-nt tract which constitutes the 5' strand of the universal stem M encompassing the two divergent D7 subdomains called D7a and D7b. For the eight other species, we obtained shorter sequences ending between D7a and D7b. By contrast, Nuculu, Hirude, and Protodrilus sequences extend further and cover the 3' part of stems M, L, and G (not shown). In the first step, comparisons were performed within metazoans for which most of the D7 region can be anambiguously aligned, all the length variation being restricted to three subdomains called D7a, D7a', and D7b. In all .____ _AC
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V- G- species, the conservative regions, despite numerous changes in primary structure, fold in exactly the same secondary structure shape. Stems G, H, I, J, K, L, and M were previously identified as structural components of the conserved core, but, as revealed by variations in the relative size of stems and loops of the different models in the 23S-like compilation, the folding for this region was uncertain. Our new sequence data bring additional comparative evidence, allowing one to test every putative single base pair in each stem. Therefore, we have precisely identified those sequences which were actually conserved during the course of evolution. We have also refined the 5' and 3' ends of the more variable areas D7a, D7a', and D7b owing to the identification within invertebrates of three stems, called Jl, 52, and Ml, which were already described in a few species (De Lanversin and Jacq 1989) but not proposed in the most recent 23S-like compilation . Our work reveals that these stems are conserved over large phylogenetic distances through numerous compensatory base changes and, thus, are intrinsic features of the conserved core of secondary structure within metazoans. Stem Ml lies exactly seven nucleotides upstream of the universal stem M and is always 3 bp long. In contrast, stems Jl and 52 may tolerate little structural variation. Stem Jl, which usually consists of 3 bp, contains only two bp in archiannelids, in N. diversicolor, and N. macromphalus. Its hairpin loop is 4 nt long in 28 species out of 32 and is a YNRA motif in 24 species. Immediately downstream, the 5-bp stem 52, which closes the D7a variable subdomain, may exhibit one mispairing in several species. When the comparison is extended to the whole eukaryotic kingdom, stems 52 and Ml can still be proposed in yeasts and plants. By contrast, stem Jl, which is also conserved among yeasts, cannot be proposed either in monocotyledons or in dicotyledons. In eubacteria, the region encompassing the D7 divergent domain is shorter and largely differs in sequence. Nevertheless, at the secondary structure level, the counterpart of eucaryotic stems G, H, I, J, K, L, and M can be identified. By contrast, eucaryotic domains Jl to D7a' do not have any equivalent in eubacteria in which this region is only 3 nt long. Stems Ml and D7b are also absent in eubacteria, where they are replaced by a segment which generally varies from 4 to 10 nt but can be sporadically expanded to about 100 nt and then folds in a giant unbranched hairpin stem.
The conserved areas of the D7 region within metazoans reveal a compact secondary structure folding from stem G to stem L organized in two four-branched internal loops ( fig. 2) . One contains stems I to 52, whereas the other is made up of stems G, H, K, and L. The thermodynamic stability of this D7 region, conferred by the high content in hydrogen-bonded nucleotides, is reinforced by the GC content of stem 52 and the presence of three tetraloop stems, J, Jl, and Ml. In particular, the G(GNRA)C motif in the apical part of stem Ml corresponds to one of the most common tetraloops in rRNA and is a particularly stable structural feature owing to base stacking and non-Watson-Crick hydrogen bonds between nucleotides of the loop (Heus and Pardi 199 1; FIG. 2.-Conserved secondary structures in the eucaryotic D7 domain. A consensus of secondary structure was derived from a universal eukaryotic alignment for the region located between stems E and D. Surrounding sequences, the folding of which is well known are replaced by a thin line. Nucleotides conserved in 90% of the species compared are given, whereas more variable positions are replaced by dots. Phylogenetically supported base pairings are identified by thick bars. Thin bars denote pairings which are generally possible but with several exceptions. Variable subdomains are depicted by thick boxes with indication of their size variation. Dotted boxes delineate areas which are absent in eubacteria as compared to eukaryotes. Varani, Cheong, and Tinoco 1991) . This stem, highly constrained in eukaryotes, is absent in the eubacterial kingdom, whereas in archaebacteria, stem Ml is preserved within thermophyles and methanogens but absent in all halobacteria sequenced so far. Stem J is also differentialy constrained within several groups of eukaryotes. In insects, this stem is reduced to 2 bp through r&pairing in the basal pairing, and in the Rotifera, the Acanthocephala, and the Myzostomida, it is reduced by r&pairing at the top of the stem. Interestingly, in each of these two situations, several combinations of mispaired nucleotides are observed, suggesting that a constraint is exerted against the presence of a base pair at these positions. The most conserved nucleotides within metazoans, which are dispersed along the sequence, are in fact clustered in the central four-branched internal loop between stems G-H-K-L, in the internal loop which separates stem H and I, and in the apical parts of stems K and Ml.
In eukaryotes, the divergent domain D7a', which links stems 52 and I, is always a short (l-l 1 nt), singlestranded motif. In contrast, D7a and D7b are longer and show a more spectacular range of length variation (from 2 to 44 nt and from 2 to 48 nt, respectively) associated with a very high divergence in sequence. Accordingly, it is not possible to detect any homology between different phyla. The situation is quite different when comparisons are performed between more closely related species. Respectively, within Polychaeta, Clitellata, Bivalvia, and Gastropoda, significant patterns of sequence conservation are detected, allowing the use of the comparative approach to identify base pairings potentially supported by compensatory changes. Then, we systematically performed pairwise comparisons of the detailed -Group-specific constraints on the folding of D7a. D7a is boxed (full line). Regions which cannot be folded in a same secondary structure within each group (boxed by dotted lines) are not shown, and their size in nucleotide number is given. The consensus structure for each group of species is represented using dots, hyphens, and letters with the same meanings as in figure 2 . a, Clitellata and Polychaeta. b, Bivalvia, Gastropoda, and Brachiopoda.
foldings of D7a and D7b among all sequenced invertebrate organisms. D7b folds in an irregular unbranched stem in all the species (not shown), but, as revealed by the relative position of bulged and looped nucleotides, which differs in each species, there is no constraint on the details of its folding even between species of the same class. Within D7a, in contrast, we have identified structural features which are differentially constrained in two groups of invertebrate organisms: Polychaeta and Clitellata on one hand ( fig. 3~ ) and Bivalvia, Gastropoda and Brachiopoda on the other hand ( fig. 3b ). Both form an unbranched stem which differs in the relative positions of unpaired nucleotides. Thus, stem 52 is followed by a 3-nt internal loop in Bivalvia, Gastropoda, and Brachiopoda, whereas it is followed in Polychaeta and Clitellata by two bulged nucleotides separated by a single base pair which is strongly supported by the presence of four compensatory changes (G:C, U:A, A:U, and G:U) in the five species sequenced. There is also phylogenetic evidence on several other interactions, respectively, within each of these two groups as revealed by the presence of compensatory substitutions. The comparison between these group-specific structural constraints which are exerted on the D7a variation pose intriguing questions regarding phylogenetic relationships deduced from morphological (Brusca and Brusca 1990;  Evolution of the LSU rRNA Binding Site for L23/25 583 Eernisse, Albert, and Anderson 1992) or molecular data (Field et al. 1988; Lake 1990 
Recognition
Site for L23/25
The x-RNA-binding site is entirely contained in two interacting fragments identified by nuclease protection experiments (Vester and Garrett 1984) , the 5' one being interrupted by the variable domain D7a in eukaryotes (fig. 4) . In a set of heterologous binding experiments, E. coli L23 and the homologous S. cerevisiae L25 bind equally. E. coli and yeast rRNA and confer identical protections from RNase (El-Baradi et al. 1985 . Surprisingly, in the protist T. thermophyla, in which three nucleotides are processed from the tip of D7a, yeast L25 recognizes mature 26s rRNA but fails to bind a synthetic precursor rRNA fragment containing the equivalent of the binding site (RauC et al. 1990 ). Therefore, unprocessed D7a prevents L23 binding, suggesting a role for this divergent domain in the rRNA-protein recognition.
The difference in the structural constraints observed among invertebrate groups suggests that D7a could mediate, in a species-specific manner, the r-RNA recognition by protein either through direct contacts with amino acids or by conferring a specific 3D conformation to the r-RNA binding site. The high thermodynamic stability in all eukaryotes of stem 52, which closes D7a, could be essential for the spatial assembly of the protein-binding site in this major kingdom. Processing events within D7a also occur in insects. In Sciuru coprophilu (Ware, Renkawitz, and Gerbi 1985) and Bombyx mori (Fujiwara and Ishikawa 1986), a segment of 19 and 39 nt which corresponds precisely to D7a is respectively excised. In contrast, in Drosophila melunoguster (Ware, Renkawitz, and Gerbi 1985) , 23 nucleotides are removed which cover not only D7a, but also stem 52 and a part of Jl, giving to this insect a binding site organization more closely related to eubacteria than to eukaryotes. This dramatic modification in the rRNAbinding partner should correspond to adaptations in the protein component. The determination of ribosomal protein L23/25 sequence for insects would be particularly interesting in view of better defining D7a structure-binding relationships.
Other heterologous binding experiments demonstrate the inability of mouse 28s rRNA to bind either the E. coli L23 or yeast L25 proteins (El-Baradi et al. 1987) . Moreover, the deletion in yeast of the D7a subdomain, which is the main difference between eukaryotes and prokaryotes, or its replacement by its mouse counterpart does not perturb fixation of either prokaryotic or yeast ribosomal protein (Musters et al. 1991) . These experiments indicate that D7a is dispensable for the binding and, in addition, that its expansion in mouse rRNA is not by itself responsible of the lack of binding of L23 and L25. Therefore, there must be, within the segments protected by L25 which are remarkably con-
-GG l --.. were compared, and a consensus of secondary structure was drawn. Only nucleotides which are present at least in 90% of these species are shown. The 5' and 3' ends of the two fragments involved in the ribosomal protein L23/25 recognition are located by large filled triangles. Positions protected from nucleases and chemical probes by L23/25 are circled. Empty circles identify weakly protected nucleotides, whereas shaded circles show strong protection. Full squares denote protected nucleotides identified by Vester and Garrett (1984) and filled triangles denote those identified by Egebjerg, Christiansen, and Garrett (1991) . Variable positions are indicated by dots, and compensatory base changes are indicated by thick bars; regions which cannot be folded in a same secondary structure are replaced by dotted lines. Numeration corresponds to the mouse sequence. Positions which are common between S. cerevisiae and E. coli but different in mouse are shown by an arrow and identified by a number. Their patterns of variation are described in adjacent boxes. Species or groups of species are shown in brackets using the following abbreviations: m = mouse; v = vertebrates; SC = S. cerevisiae; ec = E. coli; pr = prokaryotes. served both in sequence and secondary structure among eukaryotes and prokaryotes, tenuous differences in the structural features directly involved in the specificity of the binding. They could correspond to changes in a subset of contacts between LSU x-RNA and L23/25 which might have diverged during evolution in the branch leading to mammals after the emergence of yeasts. The putative LSU rRNA contacts with both proteins L23 and L25 have been identified in E. coli and S. cerevisiae by chemical modification protection experiments (Vester and Garrett 1984) and recently revisited by chemical and ribonuclease footprinting methods using a primer extension approach (Egebjerg, Christiansen, and Garrett 1991) . Several differences in the results from these two in vitro approaches point to the difficulty in experimentally identifying all contacts between the two interacting molecules. Therefore, despite the fact that 20 nucleotides were thus proposed to directly bind the protein, either weakly (14 nt) or strongly (6 nt), we cannot exclude the possibility that a few others remain to be identified.
With the double aim of detecting among the previously identified contact sites those likely to explain results of the heterologous binding experiments, but also of finding possible new contacts, we performed a systematic search for nucleotides common to yeast and E. coli but different from mouse. We found 10 nt presenting this particular pattern of variation out of the 139 nt of the two protected fragments (fig. 4) . The same analysis, performed on the other regions of the conserved core of secondary structure (2,090 positions tested), reveals an excess of occurrences of a 2.8 factor in the two segments involved in the contact with L23/25. In addition, 8 of the 10 occurrences concern unpaired nucleotides, compared to only 25% in the other regions of the conserved core. Taken together, these two observations suggest that the presence of nucleotides showing the pattern of variation searched within the two protected fragments is certainly not due to chance. The most striking feature is the location of 8 of these 10 nucleotides precisely within the two short regions of the 5' protected fragment, which contains all the contact sites already identified with the protein. Thus, stems I, J, L, and M, which do not contain protected nucleotides, do not present any position with the searched pattern of variation. Moreover, among these 10 occurrences, nucleotides located at sites 2, 3, 5, and 6 correspond exactly to four nucleotides already suggested as protein contact points. The direct involvement in L23/25 binding of sites 2 and 6, which was suggested by only one experimental ap- When necessary, the number of amino acids not shown is indicated on the left. Species for which LSU rRNA is available are identified by a dot. T. brucei was not included in this analysis because, for this species, the phylogenetic tree of the L23/25 binding domain is not concordant with the phylogenetic tree of the LSU-rRNA (Metzenberg et al. 1993 ). The maize sequence, which presents only one difference with 0. sativa on the penultimate amino acid (K and T, respectively, in 0. sativa and Z. maize), is not shown. Despite the fact that the sequences were aligned between all the species, a species was retained as a reference, respectively, within eukaryotes, eubacteria, archaebacteria, and chloroplasts. In each group, hyphens indicate identities with the sequence reference. The RNA-binding domain and a motif involved in the binding (Rutgers et al. 1991) preach, is also supported by their particular pattern of experiments. Interestingly, three of these nucleotides variation.
Among the 16 other nucleotides protected (sites 1, 7 and 8) are immediately adjacent to three confrom nucleases by the protein, 8 are strictly conserved tact sites, respectively, at positions -1, +2, and + 1. in all the living species, whereas the 8 others present a Among the three other occurrences, two (sites 9 and 10) complex pattern of variation. The 6 other nucleotides lie in the short 3' protected fragment, which does not identified by our evolutive approach (sites 1, 4, 7, 8, 9, contain any nucleotide protected by L23/25, suggesting and 10) were not ascribed as contact sites by protection that this fragment could also interact with the protein.
Thus, we detected six new possible contacts by an evolutionary approach based on the compatibility of the nucleotide pattern of variation with heterologous binding experiment results. These six positions could be involved in weak contacts with the amino acids of L23/ 25, making them experimentally difficult to detect. If these nucleotides, or a subset of them, are directly involved in binding with the protein, then we should observe parallel patterns of evolution in L23/25 amino acids. An attempt to identify coincident variation was previously performed using a computer program constructed to find similarity in the patterns of substitution between species (Metzenberg et al. 1993) . Several coincident variations were detected, but none of them are able to explain heterologous binding results. We followed in this work an evolutive approach which introduces results from experimental binding experiments, making it better focused on the rRNA-L23/25 interaction. It allowed us to identify new coincident variation between rRNA and L23/25, which could be responsible for the species binding specificity. The high rate of similarity in the 80 3' terminal amino acids between rat and a protist (Metzenberg et al. 1993) , which diverged more than 700 MYA, suggests that the sequences of mouse and rat (which diverged less than 10 MYA) are certainly identical. In addition, rat and mouse rRNAs are identical in the two segments protected by the protein binding. Then it is interesting to search for amino acid positions common in E. coli and yeast but different in rat, within the best-conserved segment of the protein which corresponds to the minimal subset of L23/25 sequence responsible for rRNA binding (Rutgers et al. 1991) . We identified five positions (amino acids 75, 76, 118, 119, and 128 in rat sequence) fitting this criterion ( fig. 5~ ). Then, we compared the detailed pattern of variation at each of these amino acid positions with the pattern of variation at each rRNA site identified in the D7 region fitting the same criterion ( fig. 4 ) in the 10 species for which both the protein and the rRNA sequences were available and present a similar rate of variation consistent with coevolution between the two interacting partners. This examination reveals several possible coincident variations (fig. 5b) . The substitution in mammals at each of the five rRNA sites, 4, 5, 7, 8, and 10, is paralleled by a replacement in position 119 of L23/25. Nevertheless, these potential coincident variations correspond to a single evolutionary change and may therefore arise by chance. More interestingly, x-RNA site 1 is a cytosine in all species except in rat and one eubacteria (B. stearothermophilus), which are the only two species having a guanine. Remarkably, these two species are also the only two which have an isoleucine in position 76 of L23/25, whereas other ones have a valine (four species) or a glycine (three species) or, exceptionally, a glutamic acid (M. polymorpha chloroplast). Another striking observation concerns rRNA sites 3 and 9, which are paired and thus present a parallel evolution reflecting the presence of compensatory substitutions.
The G:C pairing is correlated with an aspartic acid at position 75 of L23/25 in six of eight species, whereas the A:U pairing which is found in S. cerevisiae and E. coli is correlated with a lysine. By contrast with L23/25 position 76, this amino acid substitution corresponds to a nonconservative amino acid change. It should also be noted that, in the two coincident variations involving rRNA site 1 and sites 3-9, at least two independent mutational events must be invoked during evolution to explain the two couples G(rRNA site 1)-Isoleucine(76) and A: U(rRNA site3-9)-Lysine(75).
It would be surprising if these two pairs of changes had occurred independently by chance twice during evolution.
Four of the six nucleotides strongly protected from nucleases or chemical reagents by L23/25 are highly conserved and could correspond to essential binding sites. One is highly variable and differs between mouse, yeast, and E. coli (fig. 4) , but its pattern of variation does not appear to be compatible with the observed heterologous binding results. In contrast, site 3, which is base-paired with site 9, has a pattern of variation compatible with experimental results and, in addition, coevolves with position 75 of L23/25, making this base pairing a candidate in the specificity of the binding. As for the weakly protected sites, we can imagine that, taken alone, each of these nucleotides is not essential for the binding. By contrast, taken together, they might play important roles both in the efficiency and the specificity of the binding. The potential coevolving x-RNA site 1 and L23/25 position 76, whereas not detected experimentally, could also be a new weak interaction. Thus, this multiplicity of contacts, and more particularly of weak contacts, would suggest that each of the interacting positions are probably weakly constrained and may evolve rapidly on both molecules leading to a probable relatively easy coevolution between nucleic acids and amino acids. The only condition for each substitution is that the 3D conformation of each molecule remain compatible for an efficient interaction. This could explain the presence of exceptions in each coevolution. This suggest also, surprisingly, the main importance of a restricted set of contacts in the specificity of the binding, since only a very few of them would seem to be sufficient to explain why yeast and E. coli L23/25 failed to bind mouse r-RNA in heterologous binding experiments. New in vitro binding assays, built on the basis of these evolutive results, are required to test the effective role of potential interacting positions between this crucial region of the rRNA and L23/25. Such analysis would be performed in parallel with the elaboration of 3D models. Our improvement of the alignment within the LSU rRNA D7 region now allows the use of the comparative approach to search for the presence of tertiary interactions.
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